We measure and model the steady transport of specific conductivity and dissolved oxygen through a groundwater plume from a highway infiltration basin in southeastern Massachusetts. Specific conductivity is treated as a conservative surrogate for runoff contamination, and the data calibrate a 0.27-m vertical dispersivity ␣ of the aquifer and the bottom streamline elevation of the plume, which falls to an 8-m depth below the water table. The dissolved oxygen degrades as a first order reactant in the plume to levels below 1 mg/L, with a decay constant of 0.12 day −1 . The latter may be attributed in part to the historical use of an alternative de-icing agent calcium magnesium acetate on the highway, since acetate is a readily biodegradable substrate for microorganisms. The calibrated kinetics suggest that plume microbes and geochemistry degrade oxygen over two orders of magnitude faster than their ambient groundwater counterparts, which impose a linear decrease of dissolved oxygen concentration below the plume. Simulations suggest that the anoxic groundwater plume extends 1,600 m downgradient of the infiltration basin, a distance that will shorten by an order of magnitude if salt is used exclusively to de-ice the highway.
Introduction
Dissolved oxygen, an important determinant of groundwater quality ͑Freeze and Cherry 1979͒, geochemistry ͑Appelo and Postma 2005͒, and soil microbiology ͑Alexander 1991͒, advects and disperses slowly into groundwater, and so is sensitive to ambient and anthropogenic demands. Infiltration basins deliver wastewater treatment effluent ͑LeBlanc 1984͒, reused water ͑Houston et al. 1999͒, highway runoff ͑Yu 1993͒, and other surface water discharges to the subsurface environment, and so are an important expression of transport across a hydrologic boundary. Highway runoff in temperate regions exerts an appreciable event mean chemical oxygen demand ͑COD͒: Han et al. Highway runoff in cold regions is de-iced, with attendant additional potential impacts on surface and groundwater quality. Conventional de-icing agents such as salt ͑NaCl͒ or premix ͑Na 0.78 Ca 0.11 Cl͒ raise the specific conductivity of highway runoff ͑Granato and Smith 1999͒, while biodegradable alternatives such as calcium magnesium acetate ͓CMA, Ca 0.3 Mg 0.7 ͑CH 3 COO͒ 2 ͔ impose additional biological oxygen demand ͑Horner 1988͒ due to the use of acetate as a substrate by microorganisms ͑Stevenson and Katznelson 1958͒. In the latter regard, Horner ͑1988͒ measured a first order biochemical oxygen decay rate of 0.11 day −1 for water samples dosed with nutrients, bacterial seed from a wastewater treatment plant, and a 10-to 5,000-mg CMA/L range of concentrations at 20°C. Open drainage systems with loam cover layers ͑Ostendorf et al. 1993͒ and highway shoulders ͑Os-tendorf et al. 1995͒ can significantly reduce the oxygen demand associated with CMA laden runoff before it infiltrates into groundwater. This cold weather runoff can contain up to 1,000 mg CMA/L ͑Ostendorf et al. 1997͒, an order of magnitude higher than the COD levels in temperate highway runoff. In this regard, the complete mineralization of 1 mole of CMA requires 0.94 mole of dissolved oxygen. Furthermore, closed drainage systems terminating in infiltration basins have no such natural remediation, and the substrate laden surface water proceeds directly to the subsurface environment as a consequence. The present study documents the latter phenomenon at a well characterized field site that had been de-iced with CMA for nearly 20 years. Average field data and a steady state, closed form transport theory calibrate dissolved oxygen decay kinetics in the groundwater plume and the ambient groundwater below.
Theory

Steady Transport of Specific Conductivity through a Groundwater Plume
We use groundwater specific conductivity as a conservative surrogate for highway de-icing agent contamination ͑Granato and Smith 1999; Ostendorf et al. 2006͒ , and model its steady transport as a two dimensional balance of advection and near vertical dispersion across streamlines
with vertical dispersivity ␣, distance x along the streamline away from the infiltration basin, and ͑near͒ vertical distance z above the bottom of the plume, as sketched in Figs. 1 and 2. The bottom streamline along the plume centerline forms the x axis, with origin at its intersection with the water table. The ambient specific conductivity is O . We take the average linear velocity v along the streamline as constant, so that Eq. ͑1͒ describes the dispersive exchange of saline and ambient groundwater across the bottom of the plume, which progressively smears the vertical specific conductivity profile as we travel away from the infiltration basin. The plume is considered to be relatively thick, so that the specific conductivity S of the infiltration basin ͑above ambient͒ also serves as the upper boundary condition in Eq. ͑1b͒. The aquifer is also thick, so that approaches the ambient level below the plume. Fischer et al. ͑1979͒ solve Eq. ͑1͒, subject to continuous and ‫ץ‬ / ‫ץ‬z at the bottom streamline, with the error function
Steady Transport of Dissolved Oxygen through a Groundwater Plume
Dissolved oxygen c also advects along and disperses across streamlines, but is assumed to be subject to first order decay in the plume, with decay constant
Eq. ͑3c͒ suggests that the groundwater is oxygenated at a value c S as it leaves the infiltration basin, while Eq. ͑3d͒ allows for an ambient oxygen demand below the infiltration basin plume ͑Os-tendorf et al. imparts a linear decrease of dissolved oxygen toward the bottom of the aquifer. Eq. ͑3e͒ implicitly assumes a symmetrical oxygen profile above the plume bottom and below the plume ceiling, with a zero gradient midway across the plume. The assumption of a thick plume leads to the infinity constraint in the equation.
The Appendix derives a Laplace transform solution to Eq. ͑3͒, in terms of error and integral functions
The integral functions f͑x͒ and g͑x͒ that complete the model are cited in Eq. ͑16͒.
Site Description and Methods
Site Description
Ostendorf et al. ͑2008͒ calibrate Eq. ͑2͒ with sodium, calcium, magnesium, and chloride data from monitoring wells and well clusters in a groundwater plume downgradient of an infiltration basin ͑Figs. 1 and 2͒ on State Route 25 in southeastern Massachusetts. Their average linear velocity ͑v͒ value of 1.1 ϫ 10 −5 m / s is adopted in the present analysis. We use specific conductivity and dissolved oxygen data from the same wells and well clusters and add 3 years to their period of record, which consequently now extends from January 1998 through March 2008. The wells and well clusters are of 5 cm diameter PVC construction, with respective screen lengths of 1.5 and 0.3 m. The well clusters are screened at different elevations in separate, but closely spaced boreholes, and are intended to resolve the vertical concentration profile at a given horizontal location. We group the wells and well clusters in transects 28, 56, and 77 m downgradient ͑x͒ from the upgradient boundary of the infiltration basin, as summarized in Table 1 .
The infiltration basin receives runoff from a highway drainage system serving a 830-m-long section of State Route 25 ͑Ostendorf et al. 2006͒. The eastbound system is closed, with curbs, catch basins, and pipes draining pavement 15.2 m wide, while the 15.2-m-wide westbound pavement runoff flows to a 30-m-wide median equipped with catch basins and pipes. Ostendorf et al. ͑2006͒ measured precipitation and runoff from 2000-2002 and found that 68% of the precipitation falling on the eastbound pavement drains to the basin, while 20% of the precipitation falling on the westbound pavement and median drains to the basin. The westbound lanes also feature a shoulder 3-5 m thick with a 0.2-m-thick loam cover layer and a capillary fringe, which receives windblown drift and, in winter, plowed precipitation. In the latter regard, the pavement has been de-iced with salt, premix, or calcium magnesium acetate since it opened in 1987. Ostendorf et al. ͑2006͒ analyzed MassHighway Department material expenditure reports for the 99/00 through 02/03 de-icing seasons and found a 32% salt, 6% premix, and 62% CMA distribution for their study period. MassHighway has used a declining fraction of CMA afterwards, stopping altogether before the onset of the 06/07 de-icing season.
The screens of the monitoring wells and well clusters are distributed near the plume centerline across the 33-m thickness of the Plymouth-Carver aquifer ͑Hansen and Lapham 1992͒, which underlies the basin. Grain-size distributions and gravimetric moisture content analyses of split spoon samples from the site document a uniform medium sand with a 6 ϫ 10 −4 m median grain size and a 30% porosity n ͑Meyer 1999͒, while pneumatic slug tests ͑Ostendorf et al. 
Methods
We used polypropylene tubing, Cam-Loc coupling, a one-way check valve ͑Brady Products, Inc.; Clearwater, Fla.͒, and a model WX10 four stroke gasoline powered surface pump ͑Honda Corporation; Torrance, Calif.͒ to purge groundwater from each well ͑3 volumes͒ and well cluster ͑1.5 volumes͒. A model 550A handheld dissolved oxygen meter ͑YSI; Yellow Springs, Ohio͒ was used downhole to measure c in the purged well or well cluster. A sample was then collected into a 400-mL plastic beaker ͑Cole Parmer; Vernon, Ill.͒, where a model 30 handheld specific conductance meter ͑YSI; Yellow Springs, Ohio͒ was used to measure . The average of monthly samples taken from January 1988 through March 2008 is used to represent steady conditions at each well or well cluster. Fig. 3 displays the average ambient specific conductivity and dis- solved oxygen as symbols. These ambient wells ͑Table 1͒ are upgradient of the infiltration basin and distributed over most of the aquifer depth, and so form a control profile. The average of the five wells yields a O value of 80 S / cm, an order of magnitude less than the plume impacted levels. This is plotted as a vertical line in the figure. A regression is fit through the dissolved oxygen data, to minimize the root mean square of the error defined by dissolved oxygen error = measurement − calibration c S ͑5͒
Results and Discussion
Ambient Groundwater Regression
The regression yields a value of 0.27 mg/L-m, a c S of 7.31 mg/L, and a root mean square error of 9%. The calibration, shown as a sloping line in the figure, yields an estimate of ambient oxygen consumption when we balance ͑slow͒ vertical ambient advection against a zero order ambient reaction rate R AMBIENT ͑Ostendorf et al. 2002͒
with ambient vertical average linear velocity w. The ambient profile Eq. ͑6c͒, when compared with Eq. ͑3d͒, links R AMBIENT to the empirical
with w equated to the annual recharge rate of 2 ϫ 10 −8 m / s divided by the porosity of 0.30. Fig. 4 displays the specific conductivity and dissolved oxygen data for the 28-, 56-, and 77-m transects as symbols, with the calibrated models shown as curves. The specific conductivity rises with elevation in the groundwater plume, with a progressively flatter slope across the bottom of the plume for the downstream transects, due to vertical dispersion, as modeled by Eq. ͑2͒. A nested Fibonacci search ͑Beveridge and Schechter 1970͒ calibrates a S value of 1 , 100 S / cm for the specific conductivity model, over an order of magnitude larger than the ambient O value. We minimize the root mean square of the specific conductivity error defined by specific conductivity error = measurement − calibration S ͑8͒ over the three transects to attain the estimate, with a root mean square value of 14% for the calibration. Plume bottom elevations of 3.8, Ϫ1.5, and 0.0 m above mean sea level calibrate the individual transects, so that the plume generally descends with downgradient distance. Since the water table is about 8 m above mean sea level, the plume depresses ambient streamlines about 8 m into the Plymouth-Carver Aquifer. This behavior agrees with the conservative constituent based calibration of Ostendorf et al. ͑2008͒.
Plume Calibration
The dissolved oxygen data in Fig. 4 clearly indicate an abrupt decrease of oxygen into the plume across its bottom streamline, as modeled by Eq. ͑4͒. The c data calibrate a value of 0.12 day −1 with a root mean square error of 14%, while the combined and c sets calibrate an ␣ value of 0.27 m. The field calibrated plume decay constant agrees with the 0.11 day −1 BOD test measured by Horner ͑1988͒ in the laboratory. The vertical dispersivity is close to the 0.34-m value for individual constituent concentrations found by Ostendorf et al. ͑2008͒ , confirming the appropriate use of specific conductivity as a surrogate for de-icing agent contamination, as suggested by Granato and Smith ͑1999͒. The highway infiltration basin induced ␣ is over an order of magnitude larger than the mm scale value found in similar soil receiving a steady wastewater effluent stream ͑Garabedian et al. 1991͒. Highway basins receive bursts of infiltration that add aperiodicity to the spatial heteorogeneity of the flow field, and augment time averaged vertical dispersivity as a consequence ͑Ostendorf et al. 2008͒ . Observed ͑symbols͒ and calibrated ͑curves͒ dissolved oxygen and specific conductivity at three transects downgradient of the infiltration basin. Common vertical dispersivity ␣ = 0.27 m calibrates both analytes at all three transects, and flattens concentration gradients across the bottom of the plume. Ambient demand creates linear decrease of dissolved oxygen below the plume, first order decay constant = 0.12 day −1 consumes oxygen in the plume. Legend refers to monitoring wells cited in Table 1 and located in Figs. 1 and 2.
Comparative Kinetics in Closed and Open Highway Drainage System Elements
A characteristic plume concentration and the calibrated yield an order of magnitude estimate of the dissolved oxygen reaction rate R PLUME in the plume
Eq. ͑9b͒ is over two orders of magnitude faster than Eq. ͑7b͒, thus the infiltration basin oxygen consumption in the plume dominates the rate in the ambient aquifer. Ostendorf et al. ͑1993,1995͒ used aerated soil microcosms from the 0.2-m-thick loam cover layer and capillary fringe under the highway shoulder near the control transect in Fig. 1 to assess aerobic biodegradation of CMA for highways with open drainage systems. Monod kinetics were fit to the biodegradation data, with the following maximum reaction rates for the loam cover R LOAM and fringe R FRINGE ͑expressed in terms of oxygen͒
The open drainage system element kinetics of Eq. ͑10͒ are much faster than their closed system counterparts in Eqs. ͑7b͒ and ͑9b͒
Fig. 5 casts Eq. ͑11͒ in graphical terms, which suggest conformance with oxygen transport limitations in the highway environment. The loam cover borders the atmosphere, so gaseous oxygen freely diffuses a short distance down a partial pressure gradient to partition into near surface soil moisture. A free air diffusivity of order 10 −5 m 2 / s ͑Weast 1966͒ governs this flux, and supports the relatively fast R LOAM value. Indeed, simulations suggest that the loam cover layer can appreciably reduce the oxygen demand of CMA laden runoff before it reaches the water table. Ostendorf et al. ͑1997͒ measure and model the soil gas diffusion that sustains the capillary fringe reaction Eq. ͑10b͒-this is much slower than R LOAM due to soil moisture that reduces the soil gas diffusivity by an order of magnitude ͑Millington 1959͒ and the longer ͑4 m͒ diffusion distance across the highway shoulder. The groundwater dispersion that supports plume and ambient reactions is modeled explicitly in the present analysis. The vertical dispersion coefficient v␣ =3ϫ 10 −6 m 2 / s, while comparable to the soil gas diffusivity, operates on solubility constrained dissolved oxygen gradients, rather than gaseous partial pressures. R PLUME is much smaller than R FRINGE as a consequence. Finally, very slow ambient vertical advection supports R AMBIENT over flat, natural dissolved oxygen gradients that severely restrain the ambient rate. 
Simulated Reaeration Distance
We use an integrated control volume, extending over the plume thickness H from the basin surface to a length L downgradient to assess the distance required for vertical dispersion to reaerate the plume. Oxygen demand C S enters the control volume at a rate ͑per unit width͒ approximated by vnHC S . Since C S dominates c S due to solubility limitations, the plume will stay anoxic until the vertical flux of oxygen through the top and bottom equals this demand. This influx is approximated by 2nv␣L͑10c S / H͒, where the parenthetical term simulates the steep vertical concentration gradient at plume boundaries. The reaerated length ͑L͒ equates the two fluxes
The augmented vertical dispersivity of the highway infiltration basin shortens the length by entraining more ambient dissolved oxygen, while the use of acetate lengthens the anoxic plume at the State Route 25 site. Thus, the 8-m thickness ͑H͒ and 1,000-mg demand/L ͑C S ͒ that characterize the plume, together with the calibrated ␣ and c S values, imply an L of 1.6ϫ 10 3 m. The elimination of acetate as a de-icing agent, which could reduce C S to the 100-mg/L values of Han et al. ͑2006͒ and other temperate investigations, would lower L to 160 m.
Conclusions
Average data calibrate a 0.27-m vertical dispersivity and a 0.12 day −1 first order decay constant in a closed form model of steady transport of dissolved oxygen in a groundwater plume Free air diffuses rapidly to the loam cover layer, sustaining the faster aerobic degradation of substrates. Soil gas diffuses more slowly across the unsaturated zone of the highway shoulder to the capillary fringe, due to hindered soil gas diffusivity and a longer diffusion distance. Plume dispersion of dissolved oxygen is much slower due to solubility constraints; ambient dispersion is slowest of all, since ambient dispersivity is smaller than its plume counterpart and the dissolved oxygen must disperse across entire unconfined aquifer thickness.
